Abstract It has been suggested that the signal transduction initiated by apolipoprotein A-I (apoA-I) activates key proteins involved in cholesterol efflux. ABCA1 serves as a binding partner for apoA-I, but its participation in apoA-I-induced signaling remains uncertain. We show that the exposure of human fibroblasts to ABCA1 ligands (apolipoproteins and amphipathic helical peptides) results in the generation of intracellular signals, including activation of the small G-protein Cdc42, protein kinases (PAK-1 and p54 JNK
ABCA1 mediates the active transfer of excess cellular cholesterol and phospholipids from cells to exchangeable apolipoproteins, such as apolipoprotein A-I (apoA-I), apoC-III, and apoE (1) (2) (3) . The nascent HDL particles formed in this process initiate reverse cholesterol transport, one of the major mechanisms by which HDL protects against the development of atherosclerosis. The importance of ABCA1 for reverse cholesterol transport has been underscored by the identification of ABCA1 defects in Tangier disease, a severe HDL deficiency syndrome characterized by cholesterol deposition in tissue macrophages and premature atherosclerosis (1) (2) (3) .
The mechanism by which ABCA1 facilitates cholesterol egress from cells is still a matter of debate. There is emerging evidence, however, that both binding of apolipoproteins to ABCA1 and apolipoprotein-induced cellular signaling play important roles in initiating lipid efflux. Cross-linking studies documented that apoA-I and other exchangeable apolipoproteins interact directly with ABCA1 on the cell surface (4) (5) (6) (7) . In addition, apoA-I was shown to activate several serine/threonine protein kinases, including protein kinase A (PKA), protein kinase C (PKC), and Janus kinase 2 (JAK2) (8) (9) (10) (11) . Both PKA and PKC directly phosphorylate ABCA1 and thereby control its expression level and activity (10, (12) (13) (14) . It has not been unequivocally established, however, whether the binding of apolipoproteins to ABCA1 is directly involved in the activation of intracellular signaling pathways by apolipoproteins.
We previously demonstrated that exposure of cells to apoA-I induces the activation of Rho family small Gproteins, including Cdc42 and Rac1, as well as actin polymerization, which is known to be controlled by Cdc42 (15) . In addition, protein kinases localized downstream of Cdc42 in the signaling cascade, such as PAK-1 and p54 transport of lipids from cells to apolipoproteins. However, it is not known whether ABCA1 is directly required for Cdc42 activation or is localized distally to the Cdc42 signaling cascade, where it functions solely as a cholesterol and/or phospholipid transporter. In this study, we provide evidence that ABCA1 directly links apoA-I binding to activation of the Cdc42 signaling cascade and thereby to cholesterol efflux in fibroblasts.
EXPERIMENTAL PROCEDURES

Materials
Phosphospecific antibodies against p54 JNK were purchased by Cell Signaling Technologies (Beverly, MA). Polyclonal antibodies against nonphosphorylated p54 JNK and ABCA1 were from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal antibodies against green fluorescent protein (GFP) were from Roche (Mannheim, Germany). Anti-Cdc42 antibodies were from BD Biosciences (Erembodegem, Belgium). Glutathione S -transferasep21 binding domain (GST-PBD) beads were purchased by Upstate Biotechnology (Chicago, IL). ApoA-I, apoC-III, and apoE were obtained from Merck Biosciences (Schwalbach, Germany). 4,4-difluror-4-bora-3a,4a-diaza-s-indacene (BODIPY)-phalloidin and Alexa Fluor 594 succinimidyl ester were from Molecular Probes (Eugene, OR). [ 3 H]cholesterol was obtained from Amersham (Braunschweig, Germany). DMEM, FBS, and BSA were from PAA Laboratories (Pasching, Germany). The liver X receptor (LXR) agonist, T0901317, and the retinoid X receptor (RXR) agonist, R0264456, were generous gifts of Dr. Michael Pech (F. Hoffman-La Roche, Basel, Switzerland). All others chemicals were from Sigma (Deisenhofen, Germany).
Tangier disease patient
Dermal fibroblasts were obtained from a 65 year old male patient with Tangier disease, who presented with dyslipidemia (total cholesterol , 100 mg/ml, HDL-cholesterol , 2 mg/ml) and coronary heart disease. Characterization of the ABCA1 defect at the molecular level revealed a homozygous 1 bp deletion in exon 14, leading to a stop codon at amino acid position 635 and the deletion of most of the protein sequence, including both ATP cassettes.
Cell culture
Human skin fibroblasts cultured from biopsies of adult human hip skin were grown and maintained in DMEM containing 10% (v/v) FBS, 2 mmol/l L-glutamine, and 1% (v/v) antibiotic/ antimycotic solution. Once separated, the dermis was cut into small pieces (0.5 mm on each side) and placed in a flask in DMEM. When these primary cultures were confluent, they were expanded by passage. For experiments, cells between passage levels three and six were used. HEK293 cells were purchased from the American Tissue Cell Culture Collection and grown to confluence in DMEM supplemented with FBS (10%, v/v). For experiments, cells were plated on 6-or 24-well plates coated with collagen. Both human fibroblasts and HEK293 cells were enriched with cholesterol by incubation in serum-free DMEM with 2 mg/ml BSA and 30 mg/ml nonlipoprotein cholesterol for 24 h.
Plasmid constructs, and generation of cell lines stably expressing ABCA1-GFP
The coding sequence of human ABCA1 (NM_005502.2, bp 311-7,096) without stop codon was amplified from human macrophage cDNA in three z2 kb fragments, which were reassembled in pBluescriptII KS1, using endogenous restriction sites BclI and Bsu36I, at positions 1,961 and 4,187, respectively, within the coding sequence of the ABCA1-cDNA. The whole coding sequence of ABCA1 was cut with ApaI and NotI restriction sites, which had been introduced during amplification of the cDNA fragments at the 59 and 39 ends and ligated into pcDNA3.1(2) vector. hGFP was amplified from phrGFP (Stratagene, La Jolla, CA) with flanking NotI and PmeI restriction sites and introduced in-frame with the ABCA1 open reading frame into the pcDNA3.1(2)-ABCA1 plasmid. ABCA1-W-GFP variant with the disrupted first Walker A motif of ABCA1 was constructed by PCR-based mutagenesis, creating a missense mutation of K939M. ABCA1-DC-GFP variant with a deleted C terminus was generated by PCR using a reverse primer annealing at nucleotide position 5,559 and introducing a stop codon adjacent to amino acid 1,873, which led to a deletion of the terminal 388 amino acids. Plasmid DNA was checked by DNA sequencing, using the ABI PRISMR BigDye TM Terminator 3.0 cycle sequencing kit and the ABI-Prism 3700 DNA analyzer (Applied Biosystems, Weiterstadt, Germany). HEK293 cells were transfected by electroporation, using commercially available reagent (Amaxa, Köln, Germany), and selected with 0.5 mg/ml G418. Antibioticresistant cells were screened for the expression of the fusion protein by fluorescence microscopy, and positive clones were purified by limiting dilution.
ApoA-I cell binding assay
ApoA-I was labeled with Alexa Fluor 594 according to the manufacturer's protocol. Briefly, apoA-I (2 mg) was mixed with 1 mg of the dye, followed by 1 h of incubation at room temperature with continuous stirring. The unbound dye was separated from the conjugate using a Sephadex G-25 column (Amersham) equilibrated with PBS buffer. Human fibroblasts or HEK293 cells stably expressing ABCA1 (5 3 10 5 cells/ml) were incubated with labeled apoA-I (0.01 mg/ml) for 15 min, washed twice with PBS, and collected for fluorescence measurement using a Hitachi F-2000 fluorescence spectrometer (excitation wavelength, 590 nm; emission wavelength, 620 nm).
Assay for actin polymerization
Actin polymerization was quantified as described by Ha and Exton (16) . Briefly, cells were treated with agonists and fixed with 4% (v/v) formaldehyde containing 2.5% (v/v) octyl glucopyranoside for 15 min on ice. Cells were then stained with 0.6 ml/ well BODIPY-phalloidin (15 nmol/l) for 30 min, and bound BODIPY-phalloidin was extracted with 0.1 ml of methanol for 1 h on ice. Fluorescence intensity measurements were performed using a Hitachi F-2000 fluorescence spectrometer with excitation and emission wavelengths of 505 and 515 nm, respectively.
SDS-PAGE and Western blotting
SDS-PAGE and Western blotting were performed exactly as described previously (17) . For each blot with anti-phosphospecific antibodies, loading controls were used, with an antibody against a nonphosphorylated isoform of p54 ), and incubated for 1 h at 48C with 10 mg/sample GST-PBD beads for Cdc42 precipitation. The beads were collected by centrifugation (14,000 rpm, 48C) and washed, and captured proteins were removed by boiling for 5 min in Laemmli sample buffer. Samples were then subjected to Western blotting as described above.
Coimmunoprecipitation studies
Human dermal fibroblasts treated with LXR/RXR agonists or HEK293 cells stably expressing ABCA1-GFP were stimulated with apoA-I (0.01 mg/ml) for 10 min, washed, and scraped into 0.4 ml of assay buffer (20 mmol/l Tris-HCl, 250 mmol/l NaCl, 3 mmol/ l EDTA, and 3 mmol/l EGTA, pH 7.6) containing 0.5% (v/v) Nonidet P-10 and protease inhibitors. After lysis on ice (10 min) and three freeze-thaw cycles, insoluble material was cleared by centrifugation. The soluble fraction was incubated for 1 h on ice with polyclonal anti-ABCA1 antibody (5.0 mg) or anti-GFP antibody (2.0 mg). Thereafter, 0.01 ml of protein agarose G was added, and samples were incubated overnight. Agarose beads were washed four times with assay buffer and once with high-salt assay buffer containing 350 mmol/l NaCl. Captured proteins were resuspended in Laemmli buffer, boiled, and separated using 12% SDS-PAGE. Proteins were analyzed by Western blotting using polyclonal antibodies against ABCA1 and Cdc42, as described above.
Efflux of cellular cholesterol
Cholesterol efflux was measured according to established methods (15) . Briefly, [ 3 H]cholesterol (1 mCi/well) was added to cells grown on 24-well plates for 24 h. Cells were washed and incubated for 4 h at 378C with DMEM containing BSA (0.2%, v/v) and apoA-I at desired concentrations. The efflux medium was collected and centrifuged to remove cell debris. Cells were solubilized in 0.1 mol/l NaOH. Radioactivity in efflux medium and cell lysates was determined by scintillation counting. The results are reported as percentages of efflux relative to the radioactivity fraction present in efflux medium in the absence of apoA-I.
General procedures
Data are presented as means 6 SD from three separate experiments or as representative immunoblots for at least three repetitions, unless indicated otherwise.
RESULTS
ABCA1 ligands activate Cdc42 signaling in human fibroblasts
Recent investigations have demonstrated that in addition to apoA-I, several other exchangeable apolipoproteins, such as apoC-I, apoC-II, and apoC-III, as well as apoE are capable of effluxing cholesterol from cells via the ABCA1-dependent pathway (18, 19) . Moreover, in crosslinking and competition experiments, these apolipoproteins were shown to physically bind to the extracellular domains of ABCA1 (7, 19) . To assess the role of ABCA1 in the generation of intracellular signals, we first examined the effect of ABCA1-interacting apolipoproteins on the activation of Cdc42 and its downstream effector kinases PAK-1 and p54 JNK , as well as on the process of actin polymerization, which is directly regulated by Cdc42. As expected, in addition to apoA-I, two other exchangeable apolipoproteins, apoC-III and apoE, also stimulated cholesterol efflux to a similar extent. Under similar conditions, exposure of fibroblasts to all apolipoproteins tested increased the amount of extractable BODIPY-phalloidin, indicating that the intracellular content of polymerized actin increased after stimulation (Fig. 1B) . To assess directly whether exchangeable apolipoproteins affect the activity of small G-proteins, we examined the amount of activated Cdc42 in fibroblasts treated with apoA-I, apoC-III, and apoE. The GST-PBD beads precipitated only marginal amounts of Cdc42 from unstimulated fibroblasts. By contrast, exposure of cells to apolipoproteins markedly stimulated the amount of active Cdc42. In addition, autophosphorylation of PAK-1 and phosphorylation of p54 JNK were observed in fibroblasts exposed to apoA-I, apoC-III, and apoE (Fig. 1C) .
The ability of apolipoproteins to act as a lipid acceptor is most likely related to the shared secondary structure of these proteins, characterized by the presence of amphipathic helices. Small synthetic peptides, which do not have significant sequence homology with apolipoproteins but contain at least two amphipathic helices, are capable of interacting directly with ABCA1 and thereby inducing cholesterol egress from cells (7, 20, 21) . To establish whether ligand amphipathicity is required for the effective induction of intracellular signaling in fibroblasts, we made use of two synthetic peptides: D-37pA, which was synthesized solely from D amino acids and contains two octadecameric A class amphipathic helices linked by a proline, and L3D-37pA, which contains both D and L amino acids (20) . The introduction of D stereoisomers into a peptide that otherwise contains L stereoisomers is known to interfere with its ability to form an a-helical structure. Accordingly, only D-37pA, and not L3D-37pA, has been reported previously to induce cholesterol efflux and to compete with apoA-I for ABCA1 binding (20) . In our hands, D-37pA fully mimicked apoA-I in its capacity to induce cholesterol efflux and actin polymerization in fibroblasts (Fig. 1A, B) . Furthermore, Cdc42 activation, autophosphorylation of PAK-1, and phosphorylation of p54 JNK were observed in fibroblasts exposed to D-37pA (Fig. 1C) . By contrast, L3D-37pA remained totally inactive with respect to all responses tested.
The heterogeneous distribution of cholesterol in the cell membrane contributes to the formation of transverse domains, which are potentially involved in transmembrane signaling. For instance, cholesterol-rich membrane rafts host several signal transduction intermediates, such as receptors, protein kinases, and adaptor molecules. To investigate the possibility that apolipoprotein-or amphipathic peptide-induced signaling arises solely as a result of changes in the domain structure of the plasma membrane brought about by the reduction of its cholesterol content, we examined the intracellular signal generation in cells exposed to cyclodextrin or phosphatidylcholine (PC)-containing liposomes, which deplete membrane cholesterol by passive diffusion that does not involve ABCA1 (22) . Both cyclodextrin and PC liposomes were applied in sufficient concentrations to induce cholesterol efflux at a magnitude similar to that of apoA-I (Fig. 1A) . Under these experimental conditions, no effect of cyclodextrin or PC liposomes on the polymerization of actin was observed (Fig. 1B) . In addition, both compounds failed to induce Cdc42 activation and PAK-1 and p54 JNK phosphorylation in human fibroblasts.
ABCA1 inactivation or absence abolishes Cdc42 signaling in human fibroblasts
To further evaluate the relationship between ABCA1 and apoA-I-induced signal transduction, we sought to examine Cdc42 signaling under conditions in which ABCA1 activity is eliminated. To this aim, we used glyburide, a sulfonylthiourea derivative, which binds to and effectively blocks several ABC transporters, including cystic fibrosis transmembrane conductance regulator and multidrug resistance proteins. Previous studies demonstrated inhibitory effects of glyburide on ABCA1-dependent cholesterol and phospholipid efflux, as well as on apoA-I binding to ABCA1 in HEK293 cells (4, 23) . In agreement with this report, glyburide treatment markedly reduced apoA-Iinduced cholesterol efflux in human fibroblasts ( Fig. 2A) . The inhibitory effects of glyburide were dose-dependent, with a maximum seen at a concentration of 1.0 mmol/l. As shown in Fig. 2B , at the same concentration range, glyburide inhibited apoA-I-induced actin polymerization, as inferred from the reduced amount of BODIPY-phalloidin extracted from pretreated cells. Moreover, a reduced amount of activated Cdc42 could be precipitated from fibroblasts exposed to 1.0 mmol/l glyburide before stimulation with apoA-I (Fig. 2C ). In addition, glyburide (1.0 mmol/l) markedly suppressed the apoA-I-induced autophosphorylation of PAK-1 and phosphorylation of p54 JNK in human fibroblasts (Fig. 2C) .
To confirm the importance of ABCA1 for apoA-I-induced intracellular signaling, we conducted experiments in fibroblasts obtained from a Tangier disease patient, in which a ) . B: Cells were starved, treated for 10 min with agonists as indicated, fixed, permeabilized, and stained with BODIPY-phalloidin, as described in Experimental Procedures. The stain was extracted and quantified fluorimetrically. Cells treated with lysophosphatidic acid (LPA), a potent stimulator of actin polymerization, were used as a positive control. Results from three to five independent experiments are shown (means 6 SD). C: Starved and washed cells were exposed to agonist for 10 min. Active Cdc42 was precipitated from the lysates using glutathione S-transferase-p21 binding domain (GST-PBD) beads, as described in Experimental Procedures. Captured proteins were separated by SDS-PAGE and analyzed by Western blotting using anti-Cdc42 antibodies. Phosphorylated isoforms (P-) of PAK-1 and p54
JNK were analyzed using phosphospecific antibodies. Loading equality was controlled using antibody against the unphosphorylated isoform of p54 JNK (p54). Blots shown are representative of three to five experiments.
ABCA1 transporter and Cdc42 signalingstop codon at amino acid position 635 prevents ABCA1 expression (Fig. 3A, inset) . As a consequence, cell binding of apoA-I conjugated to Alexa 596 was completely abolished in Tangier fibroblasts, whereas the fluorescencelabeled apolipoprotein bound to normal fibroblasts in a concentration-dependent manner (Fig. 3A) . As shown in Fig. 3B , for all concentrations tested, apoA-I failed to induce cholesterol efflux from Tangier fibroblasts, unlike normal fibroblasts, which efficiently effluxed cholesterol in the presence of apoA-I. Next, the time course of actin polymerization in control and Tangier fibroblasts exposed to apoA-I was examined. Figure 3B demonstrates that the amounts of polymerized actin were increased significantly in response to apolipoprotein stimulation in normal but not in Tangier cells. Finally, the effect of apoA-I on the activation of Cdc42 and its downstream kinases was investigated (Fig. 3D) . In marked contrast to normal fibroblasts, Tangier fibroblasts failed to respond to apoA-I stimulation with Cdc42 activation, autophosphorylation of PAK-1, or phosphorylation of p54 JNK .
ABCA1 expression potentiates Cdc42 signaling in human fibroblasts and HEK293 cells
The prediction from the postulated role of ABCA1 in facilitating signal transduction in response to apoA-I is that apoA-I-induced Cdc42 signaling should be enhanced in cells expressing this transporter. To test this proposition, we applied T0901317 and R0264456, which are synthetic agonists of LXR and RXR, respectively, two ubiquitously expressed nuclear transcription factors known to control ABCA1 gene expression (24) . As shown in Fig. 4A (inset), combined treatment for 24 h with T0901317 (1.0 mmol/l) and R0264456 (0.1 mmol/l) considerably increased ABCA1 expression in human fibroblasts. Moreover, apoA-I-induced cholesterol efflux was increased in T0901317-and R0264456-pretreated cells. Figure 4B demonstrates that induction of ABCA1 expression with T0901317 and R0264456 increased the amount of actin polymerized in fibroblasts in response to apoA-I. Moreover, larger amounts of active Cdc42 could be precipitated from fibroblasts in which ABCA1 expression was induced by pretreatment with T0901317 and R0264456. In addition, combined exposure of fibroblasts to both compounds enhanced the autophosphorylation of PAK-1 and the phosphorylation of p54 JNK in response to apoA-I. As the expression of several genes apart from ABCA1 is controlled by LXR and RXR (24), we sought to more specifically examine the effect of ABCA1 overexpression on apoA-I-induced signal transduction. To this aim, we stably expressed human ABCA1-GFP in HEK293 cells, which do not produce ABCA1 in a wild state. In addition, we made a Walker motif mutant (ABCA1-W-GFP) of ABCA1 that disrupts the first ATP binding site of the transporter and an ABCA1 variant lacking the C-terminal domain (ABCA1-DC-GFP). Both wild-type ABCA1 and ABCA1 variants were abundantly expressed in HEK293 cells and localized at the plasma membrane, as determined by immunoblot analysis with anti-GFP antibodies and fluorescence microscopy, respectively (data not shown). However, concentrationdependent binding of Alexa 596-conjugated apoA-I was seen in cells overexpressing ABCA1-GFP and ABCA1-DC-GFP but not ABCA1-W-GFP (Fig. 5A) . Cholesterol efflux was observed only in cells overexpressing ABCA1-GFP (Fig. 5B) . By contrast, ABCA1-W-GFP and ABCA1-DC-GFP failed to promote cholesterol efflux to apoA-I. Figure 5C , D demonstrates that apoA-I increased the cellular amount of Fig. 2 . Glyburide inhibits apoA-I-induced Cdc42 signaling in human dermal fibroblasts. Human dermal fibroblasts grown to confluence were exposed for 60 min to increasing concentrations (A, B) or to 0.5 mmol/l glyburide and then stimulated with apoA-I (10 mg/ml). A: Cholesterol efflux was determined in cells loaded for 24 h with [ 3 H]cholesterol and exposed to apoA-I for 4 h, as described in Experimental Procedures. Results from three independent experiments are shown (means 6 SD). B: Actin polymerization was estimated after labeling fixed and permeabilized cells with BODIPY-phalloidin and extracting dye, as described in Experimental Procedures. Results from three to five independent experiments are shown (means 6 SD). C: Confluent fibroblasts were stimulated for 10 min with apoA-I (10 mg/ml). Cdc42 was precipitated from the lysates using GST-PBD beads, and captured proteins were separated by SDS-PAGE and analyzed by Western blotting using anti-Cdc42 antibodies. Phosphorylated isoforms (P-) of PAK-1 and p54 JNK were analyzed using phosphospecific antibodies. Loading equality was controlled using antibody against the unphosphorylated isoform of p54 JNK (p54). Blots shown are representative of three to five experiments. Glb, glyburide.
polymerized actin and activated Cdc42 in HEK293 cells overexpressing ABCA1-GFP but not in cells transfected with the mock vector. In addition, apoA-I induced the autophosphorylation of PAK-1 and the phosphorylation of p54 JNK in these cells. The exposure of ABCA1-W-GFP-or ABCA1-DC-GFP-expressing HEK293 cells to apoA-I failed to induce actin polymerization, Cdc42 activation, PAK-1 autophosphorylation, and p54 JNK phosphorylation (Fig. 5C, D) .
ApoA-I induces Cdc42-ABCA1 complex formation in human fibroblasts and HEK293 cells
The absence of Cdc42 activation in ABCA1-DC-GFPexpressing HEK293 cells in response to apoA-I suggests that this small G-protein may interact directly with ABCA1. To test this proposition, we examined whether Cdc42 coimmunoprecipitates with ABCA1 in cells exposed to apoA-I. To this purpose, lysates from T0901317-and R0264456-pretreated human fibroblasts or HEK293 cells expressing ABCA1-GFP, ABCA1-W-GFP, or ABCA1-DC-GFP were immunoprecipitated with anti-ABCA1 or anti-GFP antibodies and analyzed by Western blot. As shown in Fig. 5E , treatment of cells for 10 min with apoA-I (10 mg/ ml) substantially increased the amount of Cdc42 immunoprecipitated from lysates obtained from skin fibroblasts or from ABCA1-GFP lysates but not from ABCA1-W-GFP or ABCA1-DC-GFP lysates. These results indicate that ABCA1 interacts with Cdc42 and that the exposure of ABCA1-expressing cells to apoA-I results in the formation of an Cdc42-ABCA1 complex.
DISCUSSION
It is well documented that a wide variety of peptides and protein hormones, neurotransmitters, chemokines, growth factors, and other ligands elicit specific cellular responses by binding to plasma membrane receptors that are coupled to intracellular signaling intermediates, such as trimeric or small G-proteins or protein kinases. Several studies have demonstrated that ABCA1 acts as a binding H]cholesterol and exposed for 4 h to increasing concentrations of apoA-I (B) or for the indicated times to apoA-I (10 mg/ml) (C). Cholesterol efflux and actin polymerization were determined as described in Experimental Procedures. Results from three to five independent experiments are shown (means 6 SD). D: Normal and Tangier fibroblasts grown to confluence were stimulated for 10 min with apoA-I (10 mg/ml). Cdc42 activation was determined using a pulldown assay, as described in Experimental Procedures. Phosphorylated isoforms (P-) of PAK-1 and p54 JNK were analyzed using phosphospecific antibodies. Loading equality was controlled using antibody against the unphosphorylated isoform of p54 JNK (p54). Blots shown are representative of three to five experiments.
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partner to apoA-I and other exchangeable apolipoproteins (4-7), but its contribution to the outside-in signaling has not been completely resolved. This study provides several lines of evidence that apoA-I functions as a signaling ligand that modulates its ability to remove lipids from cells via ABCA1-dependent signal transduction. First, both lipid-free apolipoproteins and amphipathic peptides known to specifically bind to ABCA1 were able to induce a cascade of signaling events, including activation of Cdc42 and subsequent phosphorylations of PAK-1 and p54 JNK and polymerization of actin. Second, apoA-I-induced cellular signaling was attenuated in the presence of glyburide, a nonselective ABC transport inhibitor, and abolished completely in Tangier cells with a nonfunctional ABCA1 transporter. Third, the augmentation of ABCA1 expression by a combined exposure of dermal fibroblasts to LXR and RXR agonists led to an amplification of Cdc42-dependent signaling in response to apoA-I stimulation. In addition, HEK293 cells, which do not produce ABCA1 on their own, responded to apoA-I with Cdc42 activation, PAK-1 and p54 JNK phosphorylation, and actin polymerization only after transfection with a functional ABCA1 transporter.
Results of previous studies provide additional evidence that initial apoA-I binding to ABCA1 is coupled to the activation of signal transduction pathways, allowing apoA-I lipidation and cholesterol removal from cells. For instance, ABCA1 expression was demonstrated to be required for the apoA-I-dependent generation of cAMP and activation of PKA in CHO cells (8) . Likewise, apoA-Itriggered JAK2 autophosphorylation was reported to be abolished in BHK cells lacking the expression of ABCA1 (11) . More recently, synthetic peptides containing one or two amphipathic helices were shown to emulate apoA-I in its ability to stimulate JAK2 phosphorylation, and greatly reduced peptide-mediated cholesterol efflux was found after the inhibition of JAK2, indicating that this process requires an active kinase (25) . Together, the results of the current and previous studies strongly support the contention that ABCA1 mediates outside-in signaling in response to ligand binding; hence, ABCA1 should be considered a full apolipoprotein receptor.
The mechanisms by which ABCA1 promotes lipid removal from cells are not completely understood. The demonstration of a direct interaction between apoA-I and ABCA1 gave rise to a model in which the binding of apoA-I to ABCA1 allows for the spatial proximity required by the apolipoprotein to microsolubilize lipids in the plasma bilayer (26) . Consistent with this model, we found that an impaired apoA-I binding attributable to structural changes in ABCA1, such as with mutations in the ATP binding domains, is accompanied by reduced cholesterol efflux from cells. However, a partial deletion of the C-terminal ABCA1 fragment led to a complete abolition of both apoA-I-induced Cdc42-dependent cell signaling and cholesterol efflux, despite there being only moderately decreased apoA-I binding at the cell surface. These findings suggest that ABCA1-DC is able to bind apoA-I in a nearly normal manner but that this process can be uncoupled from the ABCA1-mediated outside-in signaling and the transfer of cholesterol to apoA-I. Likewise, Fitzgerald et al. (7) reported that the W590S ABCA1 mutant is fully competent to form complexes with apoA-I but fails to efflux cholesterol normally. Another ABCA1 variant, C1477R, was shown by Haidar et al. (8) to be fully ineffective at mediating apoA-I-dependent cAMP formation and effluxing cholesterol, despite there being only partially decreased apoA-I binding. These observations, together with the findings of this study, imply that apoA-I binding to ABCA1 is necessary Fig. 4 . Enhanced ABCA1 expression amplifies apoA-I-induced Cdc42 signaling in human dermal fibroblasts. Human dermal fibroblasts grown to confluence were incubated for 24 h with the liver X receptor (LXR) agonist T0901317 (1.0 mmol/l) and the retinoid X receptor (RXR) agonist R0264456 (0.1 mmol/l) and then exposed to apoA-I (10 mg/ml). A: Cholesterol efflux was determined in cells loaded for 24 h with [ 3 H]cholesterol and exposed to apoA-I for 4 h, as described in Experimental Procedures. Results from three independent experiments are shown (means 6 SD). Inset: Western blot demonstrating the expression of ABCA1 in fibroblasts pretreated (1) or not pretreated (2) with LXR and RXR agonists. B: Actin polymerization was estimated after labeling fixed and permeabilized cells with BODIPY-phalloidin and extracting dye, as described in Experimental Procedures. Results from four to five independent experiments are shown (means 6 SD). C: Fibroblasts incubated in the presence or absence of LXR and RXR agonists were stimulated for 10 min with apoA-I (10 mg/ml). Cdc42 activation was determined using a pulldown assay, as described in Experimental Procedures. Phosphorylated isoforms (P-) of PAK-1 and p54
JNK were analyzed using phosphospecific antibodies. Loading equality was controlled using antibody against the unphosphorylated isoform of p54 JNK (p54). Blots shown are representative of three independent experiments.
but not sufficient for effective lipid removal from cells, and they are consistent with the notion that ABCA1-mediated outside-in signaling may be an important step preceding apoA-I-induced cholesterol efflux. We previously demonstrated that apoA-I induces Cdc42-dependent actin polymerization in human fibroblasts (15) . Here, we have confirmed this finding and identified ABCA1 as an upstream signaling component functionally linking the extracellular signal to Cdc42 activation. As a consequence, Cdc42-dependent actin polymerization was found to be abolished in Tangier fibroblasts that lack functional ABCA1. The impaired formation of actin fibers, resulting in an abnormal cell shape and a reduced number of filopodia, was observed previously in Tangier cells, and this phenomenon could be reversed by exogenous expression of a constitutively active Cdc42 variant (27) . A similar phenotype characterized by impaired Cdc42 activation and abnormal reorganization of the actin cytoskeleton was also reported in fibroblasts obtained from aged subjects or patients with Werner syndrome (WS), which is characterized by the early onset of senescent phenotypes, including premature atherosclerosis (28, 29) . In this regard, it is of interest that HDL-and apolipoprotein-inducible cholesterol efflux is substantially reduced in nearly senescent normal fibroblasts and in patients with premature ageing syndromes, such as WS or Hutchison-Gifford progeria (29, 30) . Moreover, the impaired cholesterol efflux in WS fibroblasts can be corrected by complementation with Cdc42 (29) . Therefore, it seems that the dysfunction of the apoA-I/ ABCA1/Cdc42 signaling pathway may at least partially account for the less efficient cholesterol efflux and, thereby, the lower HDL levels encountered in aged individuals.
The exact molecular mechanisms by which ABCA1 couples apoA-I binding to activation of the Cdc42 signaling cascade remain to be elucidated. Tsukamoto et al. (31) demonstrated that Cdc42 closely colocalizes with H]cholesterol and exposed for 4 h to apoA-I (10 mg/ml) (B) or for 10 min to apoA-I (10 mg/ml) (C). Cholesterol efflux and actin polymerization were determined as described in Experimental Procedures. Results from three to five independent experiments are shown (means 6 SD). D: HEK293 cells expressing ABCA1-GFP fusion proteins were stimulated for 10 min with apoA-I (10 mg/ml). Cdc42 activation was determined using a pulldown assay, as described in Experimental Procedures. Phosphorylated isoforms (P-) of PAK-1 and p54 JNK were analyzed using phosphospecific antibodies. Blots shown are representative of three to five experiments. E: After stimulation for 10 min with apoA-I (10 mg/ml), ABCA1 in human fibroblasts (HF-ABCA1) was precipitated from T0901317-pretreated (1.0 mmol/l) and R0264456-pretreated (0.1 mmol/l) cells using anti-ABCA1 polyclonal antibody. ABCA1-GFP fusion proteins were immunoprecipitated from HEK293 cells using anti-GFP monoclonal antibody. Immunoprecipitates were separated by SDS-PAGE and analyzed by Western blot using polyclonal antibodies against ABCA1 (upper panels) or Cdc42 (lower panels). Blots shown are representative of one experiment out of three.
ABCA1 in plasma membrane and perinuclear compartments that correspond to the Golgi apparatus. In addition, Cdc42 could be immunoprecipitated with ABCA1, indicating that these proteins interact with each other. In this study, we extend this observation to show that the exposure of cells to apoA-I markedly amplifies the ABCA1-Cdc42 interaction. The observations that Cdc42-ABCA1 complex formation is absent in cells expressing a C-terminally truncated ABCA1 variant and that Cdc42-dependent signaling is abolished in these cells suggest that the C-terminal domain is indispensable for the interaction between ABCA1 and Cdc42. Several structural motifs mediating protein-protein interactions, such as the PDZ domain and the VFVNFA motif, were previously found within the ABCA1 C terminus (32, 33) . In this regard, it is of interest that several GDP exchange factors (GEFs), which increase the rate of GTP binding to Cdc42 and thereby specifically control its activity, contain the PDZ domain and are, therefore, potential ABCA1-interacting partners. Recently, several proteins interacting with the PDZ domain derived from the C-terminal part of ABCA1 were isolated by Okuhira et al. (34) . Whereas no Cdc42-specific GEFs were identified by these authors, their data suggest that ABCA1 avidly interacts with GEFs specific for RhoA, a small G-protein activated in parallel to Cdc42 upon apoA-I stimulation (15) . In addition, both Okuhira et al. (34) and other authors (35, 36) have reported that the C-terminal PDZ domain is involved in the interaction between ABCA1 and a-and/or b 1/2 -syntrophin. The latter proteins were demonstrated to interact with and to activate several small G-proteins inducible by apoA-I, including Rac1 and RhoA (15, 37) .
Although direct interaction between ABCA1 and Cdc42 appears to be required for effective outside-in signaling by apoA-I, it remains unclear whether this process is also dependent on the ABCA1-mediated translocation of lipids across the cell membrane. In this study, we found that compounds inducing cholesterol efflux by means of unspecific desorption, such as PC-containing liposomes or cyclodextrins, failed to activate Cdc42-dependent signaling. This observation argues against the notion that the apolipoprotein-and amphipathic peptide-induced Cdc42 signaling arises as a consequence of membrane cholesterol depletion. However, it has to be kept in mind that both cholesterol and phospholipids are unevenly distributed within the cell membrane and that membrane domains with distinct physicochemical properties may be targeted for lipid efflux by various acceptors. Actually, previous studies have provided evidence for the existence of separate membrane domains specifically supplying cholesterol and phospholipids for the ABCA1-mediated efflux (38) . Therefore, it cannot be entirely excluded that apolipoprotein treatment induces a localized change in membrane structure by depleting cholesterol from specific domains and that this process is required for effective induction of the Cdc42 signaling cascade. Clearly, further studies are necessary to fully understand the molecular mechanisms accounting for the ABCA1-mediated transduction of cellular signaling.
The establishment of ABCA1 as a full apoA-I receptor that not only executes inside-out effector functions, such as cholesterol and/or phospholipid efflux, but also mediates outside-in signal transduction may have far-reaching consequences for our understanding of the atheroprotective mechanisms of ABCA1. It is conceivable that by generating intracellular signals via ABCA1, antiatherogenic apolipoproteins, such as apoA-I and apoE, could not only promote cholesterol efflux from cells but also modulate other cellular responses. Some observations indeed suggest that antiatherogenic mechanisms of ABCA1 may not be confined solely to the initiation of cholesterol efflux. For instance, ABCA1-deficient macrophages exhibit increased recruitment into the arterial wall of atherosclerosis-prone animals and enhanced responsiveness to chemotactic factors, such as macrophage chemoattractant protein-1 (39) . Finally, the results of this study also suggest that a complete understanding of the antiatherogenic mechanisms of HDL will likely require future investigations aimed at characterizing ABCA1-mediated cell signaling pathways.
